Abstract: Potassium dihydrogen phosphate (KDP) or deuterated potassium dihydrogen phosphate (DKDP) crystals are difficult to machine because they are soft and hygroscopic. Based on the deliquescence nature of KDP/DKDP crystals, a novel polishing method with micro water mist for KDP/DKDP crystals was proposed in this paper. The processing principle was investigated and polishing experiments with this method were carried out. The results show that the crystals can be machined by this method and the maximum material removal rate can reach 2.02 μm/min. A polished surface with root-mean-square roughness 47.6 nm was achieved by polishing with micro water mist in 10 min. The material removing principle and the planarization mechanism were experimentally explained and verified.
Introduction
Potassium dihydrogen phosphate/deuterated potassium dihydrogen phosphate (KDP/DKDP) crystals are kinds of excellent nonlinear optical crystals, which are widely used as frequency conversion devices and electro-optic switches in inertial confinement fusion (ICF) research, such as national ignition facility (NIF) (Hurricane et al., 2014) , the laser megajoule plan (LMJ) (Casner et al., 2014) and ShengGuang project (Zhu et al., 2013) etc. The application of KDP crystals in ICF requires high surface integrity, finish and accuracy. For instance the NIF project required approximately 600 KDP/DKDP crystals with size 420 mm × 420 mm, roughness < 1.5 nm rms, and surface flatness < 3.16 μm (Campbell et al., 2004; Hawley-Fedder et al., 2004) , etc. However, KDP/DKDP crystals are extremely soft, brittle, hygroscopic, thermally sensitive and deliquescent. The crystals are also easily soluble in water with a solubility of 33 g/100g H 2 O at 25°C. All of these make it extremely difficult for KDP/DKDP crystals to obtain a flawless surface.
In recent years, a lot of manufacturing methods were introduced and studied to machine the KDP/DKDP crystals. Among them single point diamond turning (SPDT) technology is one of the most effective processing methods so far. Hou et al. (2006) used SPDT fabricating KDP crystal with size of 320 mm × 320 mm and the rms roughness reached about 5 nm. By the continuous efforts of researchers, the rms roughness of the crystals processed by SPDT can reach 1.1nm or so in partial region (Lahaye et al., 1999; Xu et al., 2012) . However, it easily introduces micron ripples on the machined surface, which degrades the output of the optical system . So many scholars did a lot of work on the mechanism of SPDT (Fu et al., 2011; Tie et al., 2013a) to improve the optical performance after processing by SPDT Li et al., 2012) . Besides, in order to eliminate micron ripples and further improve the surface quality after SPDT, many other processing methods are introduced to process KDP crystals, such as magnetorheological finishing (MRF) and ion beam figuring, etc. MRF technology was used in KDP crystal polishing by scholars. The micron ripples were eliminated by this method and a surface with roughness 1.06 nm rms was achieved (Zeng et al., 2012; Tie et al., 2013b) . However, iron powders from magnetorheological fluid were easily embedded into the soft KDP crystal. To improve the surface after MRF, researchers employed ion beam figuring technology to polish KDP crystal and acquired a KDP surface with roughness 1.9 nm rms (Shu et al., 2011) , while the method is still on researching. In addition, there are many other scholars trying to make use of the deliquescence nature of KDP crystal to machining the crystal surface and eliminate the micron ripples, which all adopt water as a main composition of the polishing liquid. For instance, Gao et al. (2010) proposed an abrasive free polishing technology which made use of water-in-oil micro-emulsion to adjust the water content and had achieved a scratch-free polished KDP surface with roughness lower than 2 nm rms. The processing methods based on the deliquescent characteristics of KDP crystal all add some other substances in the polishing liquid to adjust the water content, resulting in that a cleaning process may be introduced after polishing.
In this paper, we intend to propose a new approach using merely water to polish KDP/DKDP crystals, and try to explain the mechanism of planarization and verify its rationality by experiment as well. Because the KDP and DKDP crystals have similar properties, KDP crystals are chosen as samples to study in this paper.
Processing principle of KDP crystal polishing with micro water mist
The processing principle of polishing KDP crystal with micro water mist is similar to the other methods basing on the deliquescence property of KDP crystal, which tried to make the water content controllable and adequate in the polishing area in order to achieve a certain material removal rate in the polishing process. In this paper, ultrasonic atomisation method is employed to discrete de-ionised water into micro mist. Then the mist is mixed with clean compressed air to obtain the mixed gas with a certain moisture content, which is used as polishing medium in the polishing process. According to the above idea, the polishing process principle is shown in Figure 1 . The mixed gas consisted of spray and compressed gas flows through the central elongated hole in the polishing tool onto the polishing area, in which the crystal is dissolved. The soft polishing pad is driven rotating by the polishing tool. The combined effects of the mechanical friction provided by the polishing pad and the crystal materials dissolution by the mist achieve the removal of material cooperatively. The method is combined with computer controlled optical surfacing (CCOS) technology. And in CCOS process, the size of the polishing tool is much smaller than the crystal surface. The polishing tool moves with a preset path with a certain dwell time, which can be calculated by the removal function and the target material removal, to meet the final requirement of accuracy.
KDP polishing experiments with micro water mist
Based on the principle of micro water mist polishing KDP crystal, polishing experiments were carried out at 24.5°C, and the relative humidity of the laboratory was 53%. The dimension of the KDP crystals used is 40 mm × 40 mm × 10 mm, and the surface to be polished is (001) plane. The polishing tool executed a planetary motion, and the revolution reversed the rotation. The diameter of the polishing pad is 15 mm. The IC1400 polyurethane polishing pad was used in the polishing process. The flow of the micro water can be adjusted from 0.5 ml/min to 2 ml/min. And the other experimental parameters are shown in Table 1 . The crystals were polished with different flows of micro water mist with the parameters above. Figure 2 shows the relationship between the average material removal rate (MRR) and the flow of micro water mist. The MRR grows approximately linear with the increasing of micro mist flow. The maximum MRR can reach 2.02μm/min.
After polishing TEN minutes with micro water mist flow of 0.5 ml/min, the surface roughness of the KDP crystal sample decreased quickly from 268.8 nm rms (Figure 3 ) to 47.6 nm rms (Figure 4 ). The quality of the crystal surface was improved significantly with the surface roughness reduce by 80% in ten minutes. The results verify that KDP crystal can be flattened with micro water mist method, and a better roughness can be achieved. 
Planarization mechanism of KDP crystal polishing with micro water mist and its experimental verification

Planarization mechanism of KDP crystal polishing with micro water mist
In the polishing experiments above, the surface roughness was decreased 80%, and the surface quality has been improved significantly. The result is so different from that of merely water dissolution process that we intend to do some attempts to explain it. The polishing process with micro water mist can be explained as following: The mixed gas is introduced to polishing area firstly in KDP crystal polishing with micro water mist. A large amount of micro water mist is gathered in the polishing region to dissolve the material, and a thin droplet layer is formed on the crystal surface in a short time, making the material in the surface of KDP crystal been dissolved. The contact area is much smaller than the polishing area. In the microscopic scale, the amount of liquid droplets is adequate, which can be considered as a KH 2 PO 4 solution filled in the entire space of the gap. The concentration of the solution distributes in gradient, and the solute ions diffuse along the gradient direction. And the diffusion of the ions is increasingly weaker, when the liquid layer is more and more close to the crystal surface, and at last stay in a stable state. An approximately saturated solution layer may be formed in the contact area between the droplet layer and the crystal surface. The saturated layer can inhibit the dissolution of the material and suppress the further dissolution of the crystal as well, working like a passivation layer in the chemical mechanical polishing (Figure 5 ). As shown in Figure 5 , in the polishing process the pad (elasticity) contacts closely with the asperities on the KDP crystal surface under a certain polishing pressure. The original dissolution equilibrium is destroyed by the movement of the polishing pad, and a portion of the softened dissolved material is removed meanwhile. And a new surface is exposed, making the material in asperities dissolved and soften, which is removed by the mechanical friction of the polishing pad soon afterward. Then, a new dissolved layer is formed. Repeating this process, the materials in the rough peak will be removed continuously. While, the material at the bottom is soften all the same, and has been retained because that there is no mechanical force and the near-saturated solution layer inhibits the further dissolution of the material, achieving the selective removal of the crystalline material. With the rough peaks removed, the depth of the gap decreases and achieves a planarization of the polishing area.
Experimental verification of the planarization mechanism
In the mechanism analysis above, the key point of the material selective removal is that the material in valley can be sustained and not be dissolved instantly. The KDP crystal contacts with the micro water mist and is dissolved quickly, then a near-saturated solution layer formed inhibits the dissolution of the material continued.
In the polishing process, a steady stream of water mist input to the polishing area, which can be indicated that the amount of the water is adequate in the process of dissolution. The diameter of the mist droplets is micron. Therefore, in the point of microscopic, a single droplet can be chosen to illustrate the dissolution process, and it is also convenient to using a macroscopic drop instead of the micron droplet to simulate the dissolution process in experiment. A water droplet is dripped on the crystal surface, and kept for a while in the experiment. Then repeat this procedure that the droplets are remained in the crystal at different durations. And Figure6 shows the measured profiles of the pits corroded by water droplets. As shown in Figure 6 , the radial dimension of the corrosion pits is about 10-13 mm. And that the depth varies with time is shown in Figure 7 . When the dwell time is less than 50s, the depth of the corrosion pits increases rapidly and the material is dissolved quickly. While after 50s, the depth of the corrosion pit increases much more slowly and maintains a stable state in about 20 μm. And as the dwell time goes by, the depth of the pit has no significant increase. Conclusion can be drawn that the dissolved rate of KDP crystal may become more and more slowly and the water droplet comes to dissolve no more material if with no other interruptions. The volume of the droplet using in the experiment is about 0.05 ml per drop, and the maximum mass of KDP crystal that can be dissolved is about 0.0165 g at room temperature. While the rational diameter of the corrosion pit is 10-13 mm, the theoretical maximum average depth is up to 53-90 μm. And the maximum depth in the experiment is about 20 μm, which is much smaller than the theoretical depth, i.e., though the solution is far from saturation, the KDP crystal may not continue being dissolved.
The water droplet contacts with the crystal's surface and the crystal is dissolved. However the solution rate slows down by time until reaching stable, which verifies the existence of the inhibitory effect in the dissolution of the droplets. The dissolution of micron water mist of KDP crystal may be similar. So the results of the experiment are correspondent to the analysis of the planarization mechanism in pervious section ( Figure 5 ), which verifies the rationality of the mechanism above.
Conclusions
In this paper, based on the dissolution nature of KDP crystal, a new method polishing KDP crystal with micro water mist was proposed. The planarization mechanism was preliminary revealed and verified with experiments. The followings are conclusions:
